Abstract: Many of the world's soils are deficient in zinc (Zn), and this has implications for plant and human nutrition. Consequently, there is a need to better understand plant uptake and allocation of Zn. Natural abundances of stable isotopes have been used to gain insight into uptake, assimilation, and allocation of various elements by plants. Inductively coupled plasma mass spectrometry was used to study the fractionation of Zn isotopes in the shoots and fruits of mature tomato plants (Solanum lycopersicum L.) grown on an organic farm. Effects of mycorrhizal colonization of roots on Zn fractionation were studied by growing a tomato mutant with reduced mycorrhizal colonization, and its mycorrhizal wild-type progenitor. Fruits of both genotypes were enriched in 64 Zn and 66 Zn and depleted in 67 Zn and 68 Zn isotopes, based on calculations that expressed the concentration of each isotope as a percentage of total Zn. The reverse was true of the shoots. Furthermore, shoots of the mycorrhizal genotype were very slightly enriched in 64 Zn and 66 Zn isotopes relative to those of the reduced mycorrhizal colonization genotype. Possible explanations for fractionation of Zn between shoots and fruits, including differential bonding of Zn to cellular components, processes affecting Zn-phytate-protein complexes, and Zn transport and translocation processes are discussed.
Introduction
Globally, 30% of cultivated soils are deficient in zinc (Zn) (Kochian 2000) , which has implications for plant growth and nutrition and the nutritive value of crops. With almost half of the world's population at risk of inadequate Zn intake (Brown and Wuehler 2000) , there is a need to increase dietary intake in many regions. To this end, cropbreeding programs to improve the density of micronutrients, including Zn, have been initiated. The success of these programs will depend in part upon the development of efficient screening methods that can detect genotypic variation in Zn acquisition and metabolism. To facilitate this, a thorough understanding of plant Zn uptake, allocation, and metabolism is required.
Zn is an essential component of over 300 enzymes (Hacisalihoglu and Kochian 2003) . It plays catalytic, cocatalytic, or structural roles in many plant enzymes (Marschner 1995) . Zinc-efficient genotypes are those that are able to grow and yield well under Zn-deficient soil con-ditions (Graham and Rengel 1993) . While the mechanisms underlying Zn-uptake efficiency are not yet clear, it is likely a function of shoot remobilization, compartmentalization, biochemical utilization and (or) root uptake, and remobilization processes (Hacisalihoglu and Kochian 2003) . Responses of genotypes to edaphic conditions and their interactions with other organisms are also important. We have demonstrated that the Zn contents in the shoots and fruits of tomatoes can be up to 50% higher when colonized by arbuscular mycorrhizal (AM) fungi than when they are not colonized (Cavagnaro et al. 2006) . The majority of terrestrial plant species, including many crop plants, form associations with AM fungi (Marschner and Dell 1994; Smith and Read 1997) , but their effect on Zn-uptake efficiency is not consistent across genotypes (Hacisalihoglu and Kochian 2003) .
Much insight has been gained into the uptake, assimilation, and allocation of elements by plants through studies of the natural abundances of stable isotopes (Farquhar et al. 1982; Marschner 1995; Dijkstra et al. 2003; Weiss et al. 2004) . Inductively coupled plasma mass spectrometry (ICP-MS) has been used to study the natural abundance of Zn isotopes. Weiss et al. (2004) observed fractionation of 66/64 Zn between the shoots and roots of solution culture grown tomato, lettuce, and rice. Such isotopic fractionation may occur during active and (or) passive plant processes (Weiss et al. 2004) .
The aim of the work presented here was to study the isotopic composition of Zn (four stable isotopes: 64 Zn, 66 Zn, 67 Zn, 68 Zn) in the shoots and fruits of mature, field-grown, mycorrhizal and non-mycorrhizal tomato plants. Mycorrhizal effects were studied using a mycorrhiza-defective tomato mutant (named rmc) and its mycorrhizal wild-type progenitor (named 76R MYC+) (Barker et al. 1998 ). The two genotypes grow well under field conditions (Cavagnaro et al. 2006) , and their growth is matched in the absence of AM fungi (Cavagnaro et al. 2004; Poulsen et al. 2005 ). This experimental system, therefore, allows for detailed study of AM functioning under field conditions.
Materials and methods

Field-experiment design
Samples analyzed in the present study were collected as part of a larger study of the role of AM fungi on plant growth and nutrition and the wider soil biota (Cavagnaro et al. 2006) . Briefly, an experiment was established in a tomato (Solanum lycopersicum L.) field on an organically managed farm, Jim & Deborah Durst Farming, in Esparto, Yolo County, California. A detailed description of the field site and results of the larger study are reported in Cavagnaro et al. (2006) . The mycorrhiza-defective tomato mutant, rmc, and its mycorrhizal wild-type progenitor, 76R MYC+ (Barker et al. 1998) , were planted in the field on 20 May 2003. The experiment was a randomized complete block design with four blocks containing eight plots, with five experimental plants per plot (Cavagnaro et al. 2006 ). The experiment included N-and P-addition treatments; however, the results from samples receiving no added nutrients are presented here. One week following planting, in-growth cores containing 505 g of field soil were installed between the experimental plants at a depth of 20-22.5 cm. The ends of the in-growth cores were covered by mesh with 1 mm Â 2 mm openings, which allowed growth of roots into the in-growth cores.
The plants used for the experiment were destructively harvested on the 30 July 2003. Soil was removed from the ingrowth cores, and roots were extracted by wet sieving. These roots were cleared with 10% KOH (m/v) and stained with trypan blue using a modification of the method of Phillips and Hayman (1970) , omitting phenol from all reagents. AM colonization of roots was then determined using the gridline-intersect method (Giovannetti and Mosse 1980) . Aboveground plant biomass (five plants per plot) was harvested, and fruit dry-mass and shoot dry-mass were determined after oven-drying at 60 8C. Following dry-mass determination, plant material was ground, and a composite sample of shoot material and a second composite sample of fruit material were prepared for each plot and used in nutrient analyses. Plant material was digested with nitric acid in a microwave (Sah and Miller 1992) for analysis by ICP-MS.
Analytical methods
Dissolved tomato fruit and shoots were analyzed by the Interdisciplinary Center of Plasma Mass Spectrometry at the University of California at Davis (icpms.ucdavis.edu/) using an Agilent Technologies (USA) quadrupole 7500ce inductively coupled plasma mass spectrometer. Instrumentation and method parameters are summarized in Table 1 . External calibration was done using a serial dilution of a Zn SPEX 1 standard (SPEX Certiprep Group, Metuchen, N.J.) that bracketed the concentrations in the samples. Standards, blanks, and samples were spiked with an internal standard solution of 100 ppb germanium (Ge). Isobaric interferences of 70 Ge with 70 Zn prevented the use of this particular Zn isotope for sample concentrations or isotopic ratios. In addition, the naturally low abundance of 70 Zn (0.62 atom.%) would likely have produced highly variable results, and indicated inaccurate enrichments or depletion when used in isotopic ratios.
Standards, blanks, and samples were first corrected for instrumental drift by normalizing isotope intensities (counts per second) to their respective internal standard ( 72 Ge) intensity. Blank sensitivities were then subtracted from the samples and standards. Sample concentrations were then determined by normalizing to the sensitivity calibrations established using the Zn external standards. R 2 values were 0.9991 or higher.
Calculations and statistical analysis
All isotopic analyses were performed twice on separate new digests of plant material. Calculations were performed using the mean sample values of the two analytical runs of each sample. All isotopic data are presented as the amount of Zn (mmol) that was in the form of a given isotope ( 64 Zn, 66 Zn, 67 Zn, or 68 Zn) as a percentage of the total amount of Zn (mmol) in the shoots or fruits (eq. 1). 
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All data were analyzed using SAS 1 version 8.02 (SAS Institute Inc. Cary, N.C.). Comparisons between shoots and fruits of the same genotype (i.e., rmc and 76R MYC+) were made using repeated-measures analysis. Comparisons between genotypes of the same plant part (i.e., shoots and fruits) were made using the GLM procedure. Means and standard errors of isotopic abundances are reported. The percentage of the root colonized by mycorrhizal fungi was arcsine-transformed prior to analysis.
Results
The isotopic composition of the Zn in shoots was significantly different from that in the fruit (Figs. 1a-1d) Less-pronounced differences were found for the other ratios, especially 66/64 Zn and 68/67 Zn. It should be noted that these delta values are not absolute isotope abundances, but differences between sample readings using reported standard values of isotope abundance (Weiss et al. 2004) .
The arcsine transformed percentage of root length (mean ± SE) colonized by AM fungi was 0.22 ±0.04 and 0.07 ± 0.02 for the 76R MYC+ and rmc plants, respectively. Colonization of rmc plants was restricted to the root surface and epidermis, whereas colonization of 76R MYC+ plants was complete, including formation of arbuscules, hyphal coils, vesicles, and intercellular hyphae in the cortical cell layers.
Discussion
The fruits and shoots of field-grown tomatoes were enriched in light ( 64 Zn, 66 Zn) and heavy ( 67 Zn, 68 Zn) isotopes, respectively. These data support earlier observations of Znisotope fractionation (in that case 66/64 Zn) in the shoots and roots of solution culture grown tomato, rice, and lettuce (Weiss et al. 2004) . Differences in the diffusion of isotopes can lead to fractionation; however, given the magnitude of the differences between shoots and fruits seen here, we consider it unlikely that this is the sole causal mechanism. Differential bonding of Zn isotopes to cellular components is one explanation for the fractionation. Zn bonds covalently to carbonyl and hydroxyl groups in cell walls (Weiss et al. 2004) , as well as to peptides, phospholipids, and phytic acid (Marschner 1995) . Such differential bonding of isotopes to other compounds is used in isotope separation for analytical purposes; for example, heavy magnesium (Mg) isotopes preferentially bind to synthetic peptide resins, while lighter isotopes remain in solution (Kim et al. 2003) .
Zn plays catalytic, co-catalytic, or structural roles in many plant enzymes (Marschner 1995; Hacisalihoglu and Kochian 2003) , all of which could be involved in fractionation. Much of the Zn in a plant is stored as Zn-protein-phytate complexes, which can be remobilized later during plant development (Marschner 1995) and potentially play an important role in determining plant Zn-assimilation efficiency. Zn isotopes may be fractionated either during the formation of these complexes or during Zn remobilization. The ZAT superfamily of cation-diffusion facilitators are likely to be (Otegui et al. 2002; Ghandilyan et al. 2006) , and may also play an important role. Fractionation of Zn isotopes may also occur during transport and (or) translocation. Zn appears to be taken up by divalent cation transporters from the plasma membrane belonging to the ZIP family in roots (Epstein and Bloom 2005; Ghandilyan et al. 2006) , after which it is transferred to the xylem, most likely by heavy-metal ATPases (Eren and Arguello 2004; Ghandilyan et al. 2006 ) for translocation. Transporters located in the vacuole, including ZAT and MHX, also play an important role in Zn transport (Ramesh et al. 2004) . Although the role of specific enzymes in Zn fractionation is unknown, the potential for such fractionation is supported by the role of enzymes in the fractionation of other isotopes. For example, the heavier N isotope ( 15 N) is discriminated against by plant enzymes including nitrate reductase and glutamine synthase (Dijkstra et al. 2003) , and carbon (C) isotopes are fractionated by plants during photosynthesis and periods of intrinsic water stress (Farquhar et al. 1982) . Weiss et al. (2004) suggested that Zn could be fractionated via preferential binding of heavy Zn to plant cell walls in nonexchangeable forms, owing to covalent bonding to carbonyl and hydroxyl groups in the cell walls. Such fractionation processes could be especially important in the long-distance transport of Zn in the xylem or phloem (e.g., shoots to roots), since over 75% of Zn is typically transferred to shoots (Weiss et al. 2004) ; such processes of fractionation will be diffusion-limited. Our results show different Zn signatures in the shoots, and to a lesser extent fruits, of mycorrhizal and nonmycorrhizal plants. The fractionation observed here may be due to discrimination against heavier isotopes during supply of Zn to plants via the mycorrhizal pathway. This could occur during hyphal uptake, translocation within hyphae, transfer into the fungal/plant appoplastic space, and (or) plant uptake of Zn from the plant/fungal apoplastic space. A more complete understanding of Zn metabolism in AM is needed before the biological significance of the differences seen here can be fully appreciated, for example, identification of specific Zn transporter genes, mechanisms of Zn translocation, the nature of the active versus passive transport processes, and additional information on the regulation of Zn transporters by AM fungi (e.g., Burleigh et al. 2003) . The higher phosphorus (P) concentration of mycorrhizal plants (see Cavagnaro et al. 2006 ) may lead to a higher phytate content (Lu and Koide 1991) , which may influence Zn fractionation (see above). The higher Zn concentration of the mycorrhizal plants (Cavagnaro et al. 2006 ) may also be important. To fully explore the mycorrhizal contribution to Zn fractionation it will be necessary to construct a complete plant Znisotope budget, including roots and arbuscular mycorrhizal fungi (AMF). This will be challenging for the fungi, especially in field settings.
The delta values observed here between 68/64 Zn and 68/66 Zn showed much greater discrimination against the heavier isotope compared with the differences found by Weiss et al. (2004) for 66/64 Zn ranged from -0.5 to 0.2 atom.% for the shoots and roots of solution culture grown nonmycorrhizal tomato plants, and which was similar to our value for the shoots with reduced mycorrhizal colonization (0.7 atom.%). The difference between these sets of delta values suggest 67 Zn or 68 Zn) as a percentage of the total amount (mmol) of Zn in the shoots or fruit (n = 4). Means followed by the same letter are not significantly different; valid statistical comparisons can only be made between the shoots and fruits of rmc (denoted x and y), the shoots and fruits of 76R MYC+ (denoted r and s) , between the shoots of the two genotypes (denoted A and B), and the fruits of the two genotypes (denoted J and K). The coefficient of variation across all samples was <0.4%. Each graph shows a range of 5% of the total Zn content on the y axis. that mass differences are less important than the behavior of a given isotope; enzymatic discrimination and differences in kinetic characteristics and equilibria may favor specific isotopes of Zn.
Fractionation of Zn isotopes between plant parts has the potential to be a useful tool, as with other stable isotopes, with potential use as simple screening methods, for example, water use efficiency as indicated by 13 C/ 12 C ratios (Araus et al. 2002) . Zn metabolism and its biogeochemical cycling by plants are generally not as well understood as for many other nutrients, so that more detailed mechanistic studies are necessary. However, given the importance of Zn in human nutrition, and its widespread deficiency in the diet of much of the world's population, such activities should be a high priority.
